Abstract: A number of WC-Co cemented carbides with 6-12 wt. % Co were machined and surface finished by grinding or Electrical Discharge Machining (EDM). EDM was executed in deionised water through several consecutive gradually finer steps. Correlations between Material Removal Rate (MRR), surface finish and EDM parameters were derived. The quality and integrity of surface finishes were analysed by Scanning Electron Microscopy (SEM). Dry reciprocating sliding experiments on EDM'ed and ground samples against WC-Co pins using a Plint TE77 tribometer revealed a considerable impact of the EDM process as well as distinctive EDM finishing steps on the friction coefficient.
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Introduction
Based on economic reasons as well as on ecological considerations such as the conservation of material and energy resources and waste reduction, there is a rising need for adequate limitation of wear and corrosion damage of machines and construction tools. In this way there is an obvious industrial demand for wear resistant materials to be applied under heavy tribological circumstances and preferably without lubrication as for instance for tools (chisels, cutting tools, metal forming dies, punches, etc.) and various machine accessories. Furthermore, in the fields of aerospace and automobile, advanced materials, such as engineering ceramics, with the properties of ultra-hard, erosion/friction-resistant and high-temperature-resistance are more and more claimed and applied. However, a significant disadvantage of these materials is their relatively high coefficient of friction in dry contact conditions, involving heat development and energy loss. Their high hardness renders them intrinsically also difficult to shape and finish by conventional methods. Profile grinding with super hard grinding grains (CBN, diamond) is nearly the only possibility to shape those hard materials, but the shapes that can be generated by grinding cannot be intricate. Electrical Discharge Machining (EDM) is one of the non-conventional manufacturing processes that allow intricate shapes in materials to be produced irrespective of their strength or hardness, i.e., the strength and hardness is no limitation to the machinability, provided the material is electrically conductive, which is generally not the case for ceramic materials. Electro-erosion has successfully proven to be feasible for low electrical conductive materials (Kim and Kruth, 2001; Kozak et al., 2004) and for cemented carbides (Pandit and Rajurkar, 1981; Pandey and Jilani, 1987; Yu et al., 2004) , and more specifically, for WC-Co based cemented carbides (Gadalla and Tsai, 1989; Lauwers et al., 2004; Mahdavinejad and Mahdavinejad, 2005) . However, difficulties also arise with respect to the surface finish conditions (Puertas et al., 2004; Khan et al., 2006) , the corrosion of these materials during machining (Obara et al., 2004) , and the influence the machining parameters may have on final properties such as strength and hardness (Tsutsui and Tamura, 1987; Qu et al., 2003; Juhr et al., 2004; Llanes et al., 2004; Jiang et al., 2005; Casas et al., 2006; Lin et al., 2008) , or friction and wear characteristics Llanes et al., 2001; Bonny et al., 2007 Bonny et al., , 2009 . EDM surface damage is given by residual stresses and cracks produced within the thermally affected zone (recast layer and adjacent regions) beneath the shaped surface (Lenz et al., 1975; Yakou and Hasegawa, 1995; Stössel-Sittig et al., 2004; Jiang et al., 2005) .
Flat specimens of a number of WC-Co cemented carbide grades were machined and surface finished under distinctive EDM finish conditions. The MRRs were evaluated under rough cutting EDM. EDM surfaces were examined by SEM, energy dispersive X-ray analysis (EDX) and surface topography scanning in order to identify the occurring material removal mechanisms and to correlate surface integrity and surface roughness with the corresponding EDM parameters under rough cutting and four EDM finishing-steps. Dry reciprocating sliding experiments were executed on wire-EDM'ed and ground WC-Co flats against WC-Co pins using a pin on plate testing rig, with the goal to elucidate the influence of the EDM process as well as different surface finishing steps within the EDM process on the friction characteristics.
Experiment

WC-Co grades
The chemical, physical, mechanical and microstructural properties of the distinctive cemented carbide grades envisaged for this research are listed in Table 1 . The WC10Co, WC12Co(V), WC12Co(Cr), WC10Co(Cr/V) and WC6Co(Cr/V) cemented carbide grades are CERATIZIT grades GC32, GC20, GC20CR, MG12 and MG18, respectively. 
with H V , the Vickers hardness, P, the indentation load (N) and l, the total crack length (m), which is defined as the radial crack length (c) minus half the indentation diagonal length (a), equation (2):
The Young's modulus E was measured by the resonance frequency method. The resonance frequency was obtained on a Grindo-Sonic (J.W. Lemmens, Elektronika N.V. Leuven, Belgium), by means of the impulse excitation method (ASTM E 1876-99).
The grain size distribution of the cemented carbide grades was acquired using computer image analysis software according to the linear intercept method. At least 1000 grains were measured for each grade. The WC10Co grade exhibits the coarsest WC grain structure, with 50% of the grains being smaller than 1.8 m and 95% being smaller than 6.0 m. The WC10Co(Cr/V) grade has the finest microstructure, with 95% of the grains smaller than 0.7 m. The above mentioned cemented carbide grades were manufactured and surface finished by wire-EDM (ROBOFIL 2030SI, Charmilles Technologies, Switzerland) or grinding (JF415DS, Jung, Göppingen, Germany) with a diamond grinding wheel (type MD4075B55, Wendt Boart, Brussels, Belgium). Surface conditions of ground and wire-EDM'ed WC-Co grades were analysed by Scanning Electron Microscopy (SEM, XL30-FEG, FEI, Philips, The Netherlands) and Energy Dispersive X-ray (EDX) spectroscopy.
Friction testing
The frictional behavior of wire-EDM'ed and ground cemented carbides was evaluated using a high frequency tribometer, in which a WC6Co(Cr/V) cemented carbide pin (CERATIZIT grade MG12) was slid against plate specimens (width 38 mm, length 58 mm, thickness 4 mm) of the above mentioned cemented carbide grades, in air-conditioned atmosphere of 23°C and relative humidity of 60%, conform the ASTM G133 linearly reciprocating sliding wear test standard and similar to the test procedure described in previous work (Bonny et al., 2008) . The average rounding radius and roughness parameters R a and R t of the pins were determined to be 4.08 mm, 0.35 m and 2.68 m, respectively, by means of surface scanning equipment (Somicronic EMS Surfascan 3D, needle type ST305). The imposed contact load was 15 N. The stroke length of the oscillating motion was 15 mm. A sliding velocity of 0.3 m/s was applied. Before each test, the specimens were cleaned ultrasonically with acetone.
Results and discussion
Wire EDM parameters
The wire-EDM process was performed in deionised water (dielectric conductivity 5 S/cm), using a brass (CuZn37) wire electrode with a diameter of 0.25 mm and a tensile strength of 500 MPa. Initial rough cutting was carried out with high spark thermal energy to get a higher MRR. In order to improve the surface quality, several consecutive finish cuts with globally decreasing energy input and pulse duration were performed on the WC-Co cemented carbides, with following sequential EDM finishing steps: E3, E17, E8, E10, E11, E12, E13, E21, E22 and E23. One rough (E3) and 4 finish (E8, E13, E21, E23) surface variants were selected for this investigation. The corresponding generator settings for these EDM finishing steps are summarised in Table 2 . It is clear that the rough cut combines a high energy input with a high flushing pressure to remove the molten material. After this rough cut, a first finishing cut (E8) with lower energy (shorter pulse duration, longer pulse interval) is made. In this pass, only a limited amount of material is removed, and thus, there is no flushing to avoid wire vibrations, making it possible to attain higher accuracy. In each following pass, the wire EDM surface layer from the former pass is cut off, each time with lower energy than the foregoing pass. The last two finishing cuts do not remove material, but just re-melt the roughness peaks, lowering the surface roughness. The most important parameter to limit the energy in the finishing cuts is the pulse ignition height, i.e., the current necessary to de-ionise the sparking gap to initiate the sparks. If this current is smaller, sparks do not initiate as easily as with higher ignition currents. With very low pulse ignition current (e.g., finishing-step E23) the magnetic field, which ionises the sparking gap, appears only strong enough on the roughness peaks of the surface to initiate sparking. In this way, only the protruding material will be hit by sparks and will re-melt to lower the surface roughness.
Material Removal Rate
During the rough manufacturing EDM step, the open voltage was fixed at 80 V, with a pulse interval time of 8.3 s, a reference servo voltage of 50 V and a pulse ignition height of 8 A. The obtained MRR for the distinctive cemented carbide grades are presented in Table 3 . Comparing the results for the WC12Co(V) and the WC12Co(Cr) alloy, both displaying similar grain size distribution (see Table 1 ) and equal binder content, indicates that the grain growth inhibitor, i.e., V and Cr respectively, has no influence on the MRR. The decreasing MRR with increasing grain size is probably linked to the thermal conductivity of the cemented carbides, Figure 1 (b). Two grades with equal Co content, i.e., WC10Co and WC10Co(Cr/V), but coarse and fine grain size distribution, respectively, exhibit a considerably different thermal conductivity. The higher thermal conductivity for the WC10Co alloy can be explained by the larger amount of cobalt occurring between the coarse WC grains, compared to the finer grains of the WC10Co(Cr/V) grade. Furthermore, MRR is noticed to decrease with rising thermal conductivity, as illustrated in Figure 2 (a). This correlation can be explained regarding the material removal mechanism, which has been identified as full melting, as will be demonstrated further in this paper. A lower thermal conductivity therefore reduces the heat losses due to heat conduction in the work piece, leading to a more focused energy distribution to melt the material and, thus, yielding a higher MRR. The influence of the Co concentration on the MRR for the distinctive cemented carbides is presented in Figure 2 (b). MRR is noticed to decrease with increasing Co content, excluding the WC10Co alloy. This trend is in agreement with (Kim and Kruth, 2001 ). The deviation from this trend for the WC10Co grade can be attributed to its significantly coarser grain size distribution, compared to the other grades, for which the influence of the Co concentration on the MRR is inferred to be dominant over the grain size effect. 
Surface integrity
The surface and cross-sectioned views of the rough cut WC10Co cemented carbide (EDM condition E3) are shown in Figure 3 . Both atomic number (BSE mode) and secondary electron (SE mode) SEM analysis reveals the presence of many droplets in clusters, voids and microcracks on the wire-EDM'ed surface. These phenomena point out that the cemented carbide is initially molten by the sparking thermal energy during rough cutting. Most molten and oxidised material is flushed away by the dielectric, whereas a small amount of molten material is not expelled but rapidly quenched by the dielectric, and resolidifies on the EDM surface to form clustered droplets. At the same time, the material on the surface shrinks in the process of resolidification after sparking due to the dielectric cooling. The solidified microstructure of the recast layer, exhibiting droplets and voids, as well as microcracks, can be clearly seen in Figure 3 (a), (b) and (d). Due to the larger thermal expansion coefficient of the resolidified layer compared to the cemented carbide substrate, microcracks are formed in the recast layer owing to the thermal impact during wire-EDM. Additionally, tensile residual thermal stresses occur in the surface layer of the cemented carbide (Jiang et al., 2005) .
The thickness of the recast layer and the heat-affected zone (HAZ) was derived from cross-sectioned SEM views of wire-EDM'ed cemented carbides, as illustrated in Figure 3(c) . The plate samples were cut and subsequently polished along a plane perpendicular to the wire-EDM'ed surface. SEM analysis allowed the structure of the recast layer and the HAZ to be distinguished from the pristine material structure, and thus, the thickness of the recast layer and the HAZ to be measured. For the rough wire-EDM condition E3 and WC10Co alloy, the thickness of the recast layer was determined to be approximately 15 m, whereas the corresponding HAZ was found to reach depths up to 40 m, Figure 3 (c). It should be noted that similar values were found for the other examined grades. The HAZ especially modifies the binder due to its lower melting temperature compared to WC, and may locally alter the performance of the WC-Co alloy. The depth of this zone depends on the amount of current applied during the distinctive EDM conditions. 
X-ray diffraction analysis revealed the formation of tungsten subcarbide (WC 1-x ), eta-phase (W 3 Co 3 C and W 6 Co 6 C) and copper (Cu) on the rough cut EDM surface, Figure 3 (e). These phases are formed in the recast layer during solidification of the molten material, which has a reduced carbon content. The small amount of copper appertains to a thin, easily removable top layer originating from the brass wire-electrode. Eta-phase was found on all EDM surfaces for all grades and EDM surface finish conditions. From the findings about composition and morphology of the EDM surfaces, as well as the influence of material parameters on the MRR, it can be inferred that the mechanism for material removal of these cemented carbides under EDM occurs through melting of both matrix (Co) and carbide grains. The rough cut wire-EDM part does not meet the requirements for industrial applications because of the poor surface quality. Therefore, several consecutive finish cuttings with globally decreasing sparking energy are carried out to remove the droplets, craters and microcracks on the surface. This is clearly demonstrated by Figure 4 , in which the surface and cross-sectioned views after 4 EDM finishing steps (E8, E13, E21 and E23) are compared for a WC12Co(Cr) cemented carbide. Thermal cracking of the larger carbide grains was frequently observed in the finer EDM finishing-steps, e.g., Figure 4 (c).
Comparing the wire EDM parameters listed in Table 2 and the cross-sectioned views shown in Figure 4 , reveals that the thickness of both recast layer and HAZ decreases with sequential EDM surface finishing, and thus, decreases with reduced power applied during wire EDM. For instance, the first finishing cut removes approximately 40 m of material, corresponding to the thickness of the HAZ induced during the roughing step, and introduces a new but smaller HAZ (thickness ca. 30 m). 
The gradually lower energy input during the consecutive finishing steps, compared to the roughing step, leads to lower surface roughness as well, since the craters that are formed by EDM are smaller. The average values of the surface roughness parameters R a and R t under rough and finish cutting steps, are compared in Table 4 for the distinctive cemented carbides. In all cases, R a and R t are noticed to exhibit a similar trend. The surface roughness is progressively reduced during the consecutively performed EDM finishing-steps, and thus, also depends on the amount of power applied during the distinctive EDM conditions. For the WC12Co(Cr) samples, for instance, the R t -value decreased from 16.08 m after rough cutting to 1.01 m after the final finish cut E23. This implies that the large droplets, craters and microcracks left by previous cutting steps have been almost completely removed, although a small amount of recast material remains even after the final finishing cut (see Figure 4 (c) and (d)). As for the other cemented carbides, surface integrities are comparable to the WC12Co(Cr) alloy, after both rough and finish cutting EDM. No large differences are encountered in the obtained R a -and R t -values amongst the WC-Co alloys. Under equal set-up and identical series of EDM parameters, the WC10Co specimens obtain the smoothest surfaces, whereas the highest roughness values are encountered with the WC6Co(Cr/V) cemented carbides. As can be seen in Table 4 , R a levels below 0.2 m are attainable for the cemented carbides, except for the WC6Co(Cr/V) grade, which has a higher surface roughness. The relatively small differences in roughness can be attributed to the various WC grain size (hardness), cobalt binder concentration and thermal conductivity of the cemented carbide grades (see Table 1 ), as illustrated in Figure 5 . Surface roughness is found to increase with increasing hardness, Figure 5 (a). An inverse trend is observed when surface roughness is plotted against grain size, Figure 5 (b), or thermal conductivity, Figure 5 (c). The large variation in surface roughness between the two grades with the lowest grain size, Figure 5 (b), and/or thermal conductivity, Figure 5 (c), can be explained by the large difference in hardness and/or binder content between these two grades.
One of the major factors affecting the final surface roughness is the Co binder concentration, Figure 5(d) . Indeed, a reduced Co content requires a higher amount of energy in order to obtain the same quantity of eutectic liquid, since that is determined by the Co content. Since the final EDM finishing cuts just re-melt the surface layer to decrease the surface roughness, it is obvious that lower binder content involves higher roughness. This trend also confirms that the EDM material removal occurs by melting of the cemented carbide material. Furthermore, the surface roughness does not increase with increasing grain size, which would have been the case if the material removal mechanism had been full grain fall out. Indeed, in that case, the largest grain size would yield the highest surface roughness.
The residual thermal stress occurring in the surface layer of the wire-EDM'ed cemented carbides is noticed to decrease during the consecutively performed finish cuttings, as demonstrated in Figure 6 , in which the surface residual stresses in the WC phase of WC12Co(Cr) and WC10Co(Cr/V) alloys after grinding and distinctive EDM conditions are compared. The measurements were executed by X-ray diffraction on a Siemens D500 XRD, using the d-sin 2 method. The (300) WC peak, corresponding to a diffraction angle 2 = 133.31° was applied in order to acquire the residual stress. The sin 2 range was varied from 0 to 0.6 in steps of 0.1, and the angle 2 was varied between 130° and 136° at 0.02°/steps of 5 s. The stress state of the bulk material, in which the WC phase is considered to be in compression whereas the Co phase is in tension due to the higher thermal expansion coefficient of the binder phase compared to WC after cooling down from the sintering temperature, is found to be affected considerably by the mechanical impact during grinding, i.e., the compressive residual surface stress is significantly increased. Although it is not possible to measure the residual stresses in the Co-binder phase accurately, due to the uncertainty on the W and C content, it is most likely that the nature of the stress in the binder phase after grinding is also compressive, resulting in a surface layer that is entirely in compression. The presence of high compressive stresses on the surface of ground samples results in better final properties such as strength and wear resistance. EDM finishing cuts, however, are noticed to induce tensile residual stresses. As a result, relatively small surface cracks arise, as observed on the EDM cross-sections, Figure 4 . Beside small thermal cracks in the WC grains, Co depletion is another strength limiting factor of EDM samples, Figure 4 (b) and (c). This phenomenon is evidenced by Table 5 , in which the results of flexural strength measurements at room temperature in a three-point bending test are compared for ground and EDM finished WC-Co cemented carbides. Indeed, due to the high intrinsic strength of the WC-Co alloys, the actually measured strength on bending samples is actually controlled by the surface finish, or more particularly, by the surface damage generated during machining. The strength data indicate that EDM under the applied parameters strongly reduces the flexural strength of all grades. It is also clear that the detrimental effect of EDM on the bending strength is more pronounced for the hardest grades with a modest toughness and smallest WC grain size, i.e., WC10Co(Cr/V) and WC6Co(Cr/V), than for the coarser grades. The strength reduction is clearly less pronounced compared to the increase of the fracture toughness of the studied WC-Co grades (see Table 1 ). Table 5 Flexural strength after distinctive surface finishing operations on WC-Co cemented carbides 
Coefficient of friction
For most engineering materials, friction usually does not depend on apparent contact area, due to plastic deformation in the micro-scale of the asperities. Friction is therefore usually not affected by surface finishes. However, for very hard materials, plastic deformation is very limited and friction coefficient has indeed been observed to increase with increase in surface roughness (Hayward, 1992; Bhushan et al., 1993) . On the other hand, wear of materials is strongly affected by stresses at and beneath the area of real contact. Numerical analysis on the contact problem between a smooth surface and a rough surface showed that the maximum contact pressures are significantly higher between the rougher surfaces than those between ideal smooth surfaces (Bailey and Sayles, 1991) . In this research, the applied normal force (F N ) and the concomitant tangential friction force (F T ) of pin-on-flat sliding pairs were recorded continuously using respectively a load-cell and a piezoelectric transducer. The F T /F N forces ratio is defined as the coefficient of friction ( ), which can be differentiated in a static ( stat ) and a dynamic component ( dyn ). For each sliding wear experiment, a new WC6Co(Cr/V) pin was used in order to ensure identical initial surface conditions. Friction coefficient curves for both wire-EDM'ed (conditions E3, E8, E21 and E23) and ground cemented carbide flat/WC6Co(Cr/V) pin combinations as function of the oscillating sliding distance are shown in Figure 7 . Each curve is an average of at least two wear experiments performed under identical conditions, with a deviation of less than 10% between different samples of the same material. The error bars indicating the extent of the variations are excluded to make the figure better readable. 
The friction coefficient of the investigated tribopairs was measured to be in the range of 0.61-0.76 and 0.39-0.54 for the static and dynamic component, respectively. The dynamic and static component of friction is found to vary similarly as function of the sliding distance, however at a different level. In all cases, the coefficient of friction is noticed to increase abruptly during the first metres of sliding. After a running-in stage, the variations in the friction force curve become marginal. The fluctuations in the friction curves, both in the initial phase and the equilibrium stage, are due to a continuous breaking and regeneration of micro junctions and indicate a more pronounced adhesion of both contact surfaces. Some numerical data are provided in Table 6 , which displays coefficients of friction at various sliding distance for the investigated tribopairs. Generally, the origin of friction is referred to one adhesive and one abrasive (ploughing) component. In these pin-on-flat tests, the ploughing component can be divided into one macro component due to the plastic penetration of the pin into the counter surface, and one micro component due to asperity interaction (Evans and Marshall, 1980) . The macro part has its significance during the first revolutions until an equilibrium track is formed in the flat surface. The micro ploughing is strongly related to the surface roughness. Indeed, when one of two rough surfaces in a sliding contact becomes smoother there will be fewer obstacles that have to be overcome. This decreases the tangential force required to maintain the sliding and therefore the friction coefficient decreases. The lowest friction levels are recorded for the WC10Co(Cr/V)-WC6Co(Cr/V) tribopairs, whereas the WC10Co-WC6Co(Cr/V) combinations display the highest coefficient of friction. The effect of the wire-EDM process and the distinctive EDM conditions on the friction coefficient is quite pronounced. The lowest friction level is encountered with the ground cemented carbide samples, whereas the rough EDM cut specimens exhibit the highest coefficient of friction. Moreover, the friction coefficient is noticed to decrease with finer-executed EDM, up to values nearby those recorded for the equivalent ground cemented carbide grades. These trends are in agreement with ). The differences in friction level between wire-EDM'ed and ground samples appear to diminish with increasing sliding distance.
The dependency of the coefficient of friction on surface roughness for various sliding wear paths is compared in Figure 8 (a) and (b) for ground and wire-EDM'ed WC-Co alloys during reciprocative sliding wear experiments using a 15 N contact load. In the range of measured R a and R t values, both the static and dynamic coefficient of friction are noticed to decrease with enhanced surface finish refinement. Comparing the coefficient of friction for the finest EDM-related surface finish variant with ground surfaces, both displaying similar roughness levels, reveals that the ground surfaces yield lower friction coefficients. However, the relative scatter in friction as function of roughness is noticed to reduce slightly with increasing wear distance, in full agreement with the results presented in Figure 7 . The influence of EDM is even more obvious when static and dynamic friction coefficients are plotted against the depth of the wire-EDM induced Heat Affected Zone (HAZ), Figure 9 . It is obvious that no recast layer appears with the ground specimens. The higher friction level for wire-EDM'ed cemented carbides compared to their ground equivalents can be explained in terms of different sliding contact conditions. Indeed, the sliding contact on wire-EDM'ed samples is characterised by the occurrence of a thermally induced recast surface layer and a subsurface HAZ, exhibiting both modified tribological compatibilities with the WC6Co(Cr/V) pin, compared to the ground cemented carbides, where the pin makes direct contact with the original base material. Furthermore, the wire-EDM process was evidenced to cause thermal cracks and residual surface stresses which are tensile in nature, in contrast with the compressive stress state occurring in the bulk material and for ground surfaces. 
Conclusions
A number of WC-Co based cemented carbides were proven to be feasible for wire-EDM in deionised water. The material removal mechanism was full melting and evaporation. After rough cutting, the heat-affected zone reached depths up to 40 m. EDM was evidenced to initiate a thermally induced recast layer containing tungsten subcarbide, eta-phase, resolidified droplets and voids, involving residual tensile surface stresses and microcracks as well as a considerable reduction of flexural strength. Grain size distribution and cobalt concentration were found to be major factors affecting the MRR and the attainable surface smoothness. The execution of several consecutive EDM surface finishing steps allowed the average surface roughness to be reduced below 1.3 m R t or 0.3 m R a . Comparative dry sliding experiments on WC-Co/WC-Co cemented carbide tribo-pairs revealed that wire-EDM increases the friction coefficient, compared to grinding, which should be related to differences in surface roughness, tribological compatibility and surface stress state. The gradually finer execution of EDM surface finishing reduced the friction level.
